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I. INTRODUCTION 
The possible use of thorium-carbon alloys in nuclear or 
other high-temperature applications has revived interest in 
determining their properties and in better establishing the 
phase diagram for the thorium-carbon system, k number of 
investigators have measured the electrical resistivity of 
some of the thorium-carbon alloys. Some have suggested 
modifications to the tentative phase diagram of the thorium-
carbon system proposed by Chiotti (1) during his original 
work on the thorium-carbon system. 
Determination of the properties of thorium-carbon alloys 
is hindered by the friable nature of the alloys. It is dif­
ficult to cast or machine them when the carbon content 
exceeds 2 per cent by weight since they are extremely sensi­
tive to thermal or mechanical stress. Thorium-carbides also 
react rapidly with the atmosphere, releasing gaseous alkanes 
and hydrolyzing to a fine powder. 
The purpose of the present research was to measure the 
electrical resistivity of thorium-carbon alloys as a function 
of temperature and composition. The resistivity data in 
conjunction with data obtained by other methods such as X-ray 
and metallographic examination should provide additional 
information with which to clarify the thorium-carbon phase 
diagram, as well as to understand some of the basic proper­
ties of the thorium-carbides. Sharp increases in resistance 
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should occur (2) due to changes in structure of one or more 
components which result in observable increases in solid 
solubility. 
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II. RBVIBW OP LITERATURE 
Chiotti (1) measured the electrical resistance of thor­
ium and thorium-carbon alloys to observe discontinuities 
which could be interpreted as phase transitions or phase 
boundaries. He discovered an allotropie transformation in 
thorium at 1400 4 25°C which was later reported (3) to occur 
at 1380 * 15°C. The alloys used by Chiotti for the resist­
ance measurements were fabricated by pressing the sintered 
thorium and graphite powder mixtures. The results of the 
resistance measurements indicated that the thorium-carbon 
system was rather complex and pointed out the need for 
obtaining additional data. Chiotti found that the dicarbide 
is a particularly good conductor of electricity at room tem­
perature and that the resistance of the monocarbide was about 
five times as large as that of the dicarbide. 
Results of Chiotti's work on the thorium-carbon system 
suggested the existence of a continuous series of solid 
solutions between thorium and thorium-dicarbide at higher 
temperatures with decomposition into two phases at lower 
temperatures. The two phases are thorium and ThC for carbon 
contents below, and ThC and ThCg above, the ThC composition. 
Cubic ThC and monoclinic ThCg were the only phases known in 
the thorium-carbon system; thorium was not thought to form a 
sesquicarbide. 
Kempter and Krikorian (4) have reported on some proper­
4 
ties of thorium monocarbide and dicarbide. They found the 
electrical resistivity at room temperature to be 25 microhm-
cm for The and 50 microhm-cm for Th02 for rods cast in 
graphite tubes. 
The identification of the two carbides of thorium was 
reported by Wïlhelm, Chiotti, Snow and Daane (5). The 
structure of the monocarbide was observed to be face-centered 
cubic of the sodium chloride type with a^ = 5.325 A, X-ray 
analysis of ThOg samples gave a diffraction pattern corres­
ponding to a pseudo-tetragonal lattice, as had been observed 
by Baenziger, having lattice constants a^ = 8,26 A, bg = 
10.52 A and Cq = 4.22 A, with eight molecules per unit cell. 
The structure of ThOg was established by Hunt and 
Rundle (6) to be C-centered monoclinic with a^ = 6.53 A, 
bg = 4.24 A, Cq = 6.56 A and 3 = 104° with four ThOg mole­
cules per unit cell. 
Kempter and Krikorian converted from the monoclinic 
lattice to the pseudo-orthorhombic lattice. They started 
with the pseudo-orthorhombic lattice parameters derived from 
the Hunt and Rundle monoclinic parameters and interchanged 
all three axes so that the indexing could be accomplished 
with a Bell indexing chart. They found lattice parameters 
of a = 10.555 A, b = 8.233 A and c = 4.201 A to be in agree­
ment with orthorhombic lattice parameters reported on differ­
ent axes by Baenziger, proposing that Baenziger had found the 
pseudo-lattice of ThOg instead of the true lattice. 
5 
Rough, and Chubb (7) proposed the possibility of an 
eutectoid near 8 w/o carbon and 1900°C based upon the sug­
gestion of Brett, LaWs and Llvey (8) that ThOg has a poly­
morphic transition at about 1900°0. Wilhelm and Ohiotti (9) 
found no evidence of any transition although it was assumed 
that ThOg probably transformed from a cubic structure to a 
pseudo-tetragonal structure upon cooling to room temperature. 
The thorium-carbon system between 5 and 15 weight per 
cent carbon has been subjected to high temperature thennal 
analysis by the use of infrared techniques (10). These 
investigators found that alloys with carbon content greater 
than ThOg appear to be hypereutectic alloys. Microstruc­
tural studies showed no evidence for incongruent melting of 
ThOg and the eutectoid proposed by Hansen (11) between ThC 
and ThCg was not detected. There was evidence of two solid 
state transformations for ThOg at 1430 + 20°C and 1480 + 
20°C and the microstructure indicated that one of the trans­
formations was of martensitic type. It was not possible to 
isolate a high temperature form of the ThOg phase. 
More recent work (12, 13) reported by several of these 
investigators suggests that the region of the existence of 
the dicarbide extends from about 8 weight per cent to 9.56 
weight per cent carbon. Polymorphic transformations to body-
centered tetragonal at 1430°C and to face-centered cubic at 
1480°C were observed by high-temperature X-ray studies. 
Continuous solid solutions at high temperatures between 
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binary systems having different crystal structures have been 
observed In other systems (14) similar to those proposed by 
Chlotti (1) for the thorium-carbon system. The components 
need not have the same crystal structure for the existence 
of a continuous solid solution so long as the atomic arrange­
ments are similar enough to permit random substitution. 
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III. MATERIALS 
Ames Laboratory provided production-grade thorium and 
high-purity spectroscopic graphite electrodes for use in 
these experiments. Most of the thorium was converted to 
metal powder and mixed with powdered graphite formed by 
crushing the graphite electrodes. All powders used were 
passed through a No. 40 sieve and included all the fines 
produced in the processes of powdering. In addition, some 
tests were run using magnesium-reduced thorium with purity 
comparable to that of crystal-bar thorium. 
A representative sampling of one batch of thorium powder 
produced by the hydriding process showed that 30.4 weight per 
cent of the powder grains which passed a No. 40 sieve were 
also passed by a No. 100 sieve. The thorium powders were 
produced by reacting massive thorium with hydrogen and then 
decomposing the resultant thorium hydride by a process de­
scribed by Ohiotti and Rogers (15). A sketch of the basic 
apparatus used to powder the metal is shown in Figure 1. 
The thorium was kept in sealed glass jars when not in 
use in order to protect the metal from contamination by the 
atmosphere and to avoid the contamination of personnel and 
equipment by the radioactive thorium. All apparatus and 
equipment were cleaned after each use. The waste was kept 
in plastic bags and covered containers until disposed of by 
health physics personnel. Periodic surveys were conducted 
REACTION 
VESSEL ^ 
TO VACUUM PUMP 
MANOMETER 
MUFFLE 
FURNACE 
He 
FURNACE 
PURIFICATION 
TRAIN 
Th 
Figure 1. Apparatus for making thorium powder 
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to assure that working areas and equipment were free from 
radioactive contamination. 
Spectrographic analyses of the thorium used in this 
research are shown in Table 1. 
Table 1. Metallic impurities (ppm) in thorium 
Thorium Oa A1 Be Si Mg Fe Zn Mn B Cd 
#5DH T Ft VW T T T - — — -
rf 20 50 150 20 20 100 - 20 -
CO 
20 30 - 20 20 20 - 20 -
,fll 50 25 150 50 20 65 20 20 .5 .2 
Vacuum fusion analyses of the thorium metal and graphite 
electrodes used in this research are shown in Table 2. 
Table 2, Vacuum fusion analyses (ppm) 
Thorium Ozygen Nitrogen Hydrogen 
#5DH 2040 170 116 
#7 1540 100 45 
#8 725 52 — — 
#11 2085 1520 2450 
Graphite 290 90 35 
Carbon contents of the thorium metal varied from 30 ppm 
for batch #8 to 350 ppm for batch #11. 
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IV. APPARATUS AND EXPERIMENTAL PROCEDURES 
The high reactivity of thorium and thorium-carbon alloys 
and the friable nature of the alloys makes it difficult to 
fabricate test specimens of high purity suitable for measur­
ing resistivity. Even after a test bar has been made, it 
must be handled carefully, guarded against thermal or mechan­
ical shook, and protected from the atmosphere. Resistance 
measurements must be made under vacuum or in an inert atmos­
phere. 
A« Fabrication of Test Bars 
Some of the test bars used for resistance measurements 
in this research were prepared by powder metallurgy tech­
niques. Thorium and graphite powders were mixed thoroughly 
by rotating a glass jar containing the mixture, followed by 
stirring with a few drops of acetone to prevent segregation 
of the grains while pouring the mixture into steel dies. 
The mixtures were compacted at a pressure of 45,000 psi in 
the die shown in Figure 2 and held under a pressure of 
40,000 psi for several minutes, after which the pressure was 
slowly relaxed. The bar was presintered for 1 hour at 1200°C 
in the molybdenum tube furnace shoivn in Figure 3. Then it 
was mounted between the electrodes of the resistance furnace 
for additional sintering and annealing prior to the actual 
resistance measurements. The bars were sintered by slowly 
Figure 2, Steel die for forming i" x i" x 4" bars 
Figure 3« Molybdenum tube furnace 
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heating to 1650°C, holding at that temperature for about 30 
minutes, and then slowly heating to temperatures within 200 
degrees of the melting point. After higher temperatures for 
times long enough to assure complete sintering and annealing, 
as evidenced by no further changes in resistance at constant 
temperature, the test bar was slowly cooled. 
After resistance measurements were completed on a bar 
in the sintered condition, the bar was arc-melted to secure 
a high-density specimen for further measurements. In order 
to obtain a cross-section of fairly uniform, if irregular, 
shape the bars were melted on a copper hearth which had a 
mold 1/4" wide and 4" long with slightly tapered side walls 
to facilitate removal of the test bar after it had cooled to 
room temperature, A sintered bar was placed in the 1/4-inch-
wide mold and melted in a helium atmosphere after the chamber 
had been "gettered" by melting a 60-gram zirconium button 
which was turned over and remelted three times. The thorium-
carbon bar was turned over and remelted at least once, but 
never more than three additional times. The bars became more 
brittle and friable with succeeding meltings, but were more 
readily melted and cast when pre-formed and sintered than 
when they were melted and cast using massive thorium metal 
and graphite. The bottom of the copper hearth was separated 
from the cooling water by a second copper plate to keep the 
mold warm and thereby protect the alloys from severe quench­
ing which would inevitably cause the alloy to break apart. 
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ImKSdlately after melting the alloy for the second time, the 
valve to the vacuum pump was opened and the alloy was cooled 
for about 2 minutes under vacuum» Then helium was admitted 
to raise the absolute pressure to 15 inches of mercury and 
the alloy was cooled to room temperature. A slight bowing 
often occurred at the ends of the test bars, so the ends 
were cropped by a carborundum cut-off wheel to facilitate 
mounting of the bar between the copper electrodes of the 
resistance furnace. The arc-melted bars were annealed about 
30 minutes at 1650°C prior to making resistance measurements. 
Sintering and/or annealing permitted the resistance 
probe wires to bond to the alloys. The probe wires were 17-
mil pure thorium wires which had been thoroughly cleaned in a 
pickling solution of 1:1 nitric acid and water with sodium 
silicofluoride (MagSiPg) added. The wires were wrapped once 
around the bar tightly and the ends were twisted with needle-
nose pliers. The wires were spaced about 0.5 cm apart on the 
melted bars and about 1 cm apart on the sintered bars. The 
probe wire separation was measured to within 0.1 mm by aver­
aging four measurements taken around the bar. The measure­
ments were made using a pair of dividers and a steel scale. 
B. Measurement of Electrical Resistance 
The electrical resistance of the thorium-carbon alloys 
was determined by an alternating current potentiometric 
method with the apparatus described by Ohiotti (16). With 
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this apparatus the potential developed between two probes in 
contact with a test bar is balanced against a potential 
developed across the secondary of a current transformer. The 
primary of the current transformer is connected in series 
with the test bar or, as will be described later, a test wire. 
The test sample is mounted between water-cooled electrodes 
and is heated by passing a 60 cycle current through it. 
Resistance is measured directly from the balance point posi­
tion which is indicated by an alternating current galvanom­
eter and a slide wire. The circuit diagram for making the 
resistance measurements is shown schematically in Figure 4. 
The specimens were heated in the resistance furnace and re­
sistance measurements were made under vacuum at a pressure 
of 10"5 mm Hg. 
The operation and calibration of the apparatus at near 
room temperature was checked by comparing resistance values 
of thorium, iron and a manganin resistor with values measured 
on a Kelvin Bridge, Attempts to obtain reliable measurements 
on the Kelvin Bridge for the hard thorium-carbon alloys were 
unsuccessful. Room temperature resistivities for the alloys 
were calculated from resistance values measured on the resis­
tivity apparatus when sufficient current was momentarily 
passed through the sample to permit taking a reading without 
heating the sample appreciably. A series of readings were 
taken at intervals of several minutes to assure that if 
heating occurred the test bar could cool to room temperature 
1 
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Figure 4, Schematic diagram for hlgh»temperature resist­
ance measurement 
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before the next reading. An iron (99.97^) sample was used to 
check the calibration of the apparatus at the gamma iron 
transformation temperatures of 910°0 and 1110°C where the 
literature values for resistivity are reported (17) to be 115 
and 119 microhm-cm, respectively. The resistivities calcu­
lated from the measured resistance values were as follows: 
Temperatures above 900°C were read continuously by an 
automatic two-color pyrometer as shown in Figure 4. Such a 
pyrometer measures temperature of an incandescent test bar as 
a function of the ratio of the radiant energy emitted at two 
narrow wavelength bands within the visible spectrum. The 
principal advantage of this ratio measuring device is that 
errors due to target emissivity and/or smoke or films on the 
sight Tlass are greatly reduced or eliminated. As long as 
the ratio of the two wavelengths is unchanged, the tempera­
ture reading will be accurate regardless of variations in 
total emissivity or intensity of target radiation which 
reaches the instrument. 
The two-color pyrometer was initially calibrated against 
a tungsten filament. It was then re-adjusted and calibrated 
against a standard disappearing filament optical pyrometer 
Heating 
Cooling 
910° C 
111.0 X 10""^ ohm-cm 
112.5 X 10"^ ohm-cm 
1110°C 
117.6 X 10"^ ohm-cm 
119.2 X 10"^ ohm-cm 
0. Measurement of Temperature 
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using a l/4"-dlain8ter tantalum tube mounted between the elec­
trodes in the resistance furnace. The indicated temperature 
of a black-body hole in the tantalum tube obtained with the 
standard pyrometer was used for adjustment of the two-color 
pyrometer, k further correction for the sight glass was 
added to the two-color pyrometer readings. The sight glass 
corrections increased from 5°C at a true temperature of 
1000°C to 25°C at 22000c. 
The sensing unit was periodically monitored by sighting 
through an eyepiece to assure that it was focussed directly 
on the black-body hole or other desired portion of the test 
bar during the test run. A recording-controlling feature of 
the two-color pyrometer delivered a continuous DO millivolt 
output signal to an X-Y recorder and thereby permitted direct 
recording of resistance as a function of temperature. 
The complete array of equipment and apparatus is shown 
in Figure 5. The temperature controller was set to change 
the temperature of the sample in small increments at various 
rates of heating or cooling as desired, 
D. Carburization and Test of Thorium Wires 
Thorium-carbon alloys containing more than 5 weight per 
cent carbon were prepared by carburizing high-purity (#8 in 
Tables 1 and 2) thorium wires which had been swaged to a 
diameter of l/l6". The wires were 6" to 7" long and were 
cleaned in a dilute solution of nitric acid and sodium 
Figure 5. Apparatus 
A. R vs, T recorder 
B. R vso t recorder 
C. Temperature indicator 
D. Two-color pyrometer 
E. Resistance furnace 
P. Temperature controller 
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sillcofluorideo 5 mil tantalum probe wires spaced 1 cm apart 
were attached to the thorium wire near Its midpoint "by twist­
ing the ends until tight. The thorium wire was then bent 
into a shape similar to a hairpin, after which it was mounted 
between water-cooled copper electrodes in the carburizatlon 
and test chamber of the apparatus shown in Figure 6. 
The test chamber consisted of a 4" diameter pyrex glass 
bell jar about 18" high mounted on a brass plate which sup­
ported the copper electrodes and tantalum resistance probe 
leads. The glass and base plate were sealed by a neoprene 
"O" ring and a cast-iron flange ring which fit over a flange 
on the bell jar and was bolted to the base plate. 
The two-color pyrometer was calibrated against a 
standard optical pyrometer and was focussed on the incan­
descent wire so that it filled the entire field of view as 
seen through the eyepiece of the detector unit. The same 
basic resistance measuring apparatus was used with the 
carburizatlon chamber as with the resistance furnace, but 
resistance as a function of temperature was recorded contin­
uously on a horizontal X-Y Moseley recorder in place of the 
modified vertical Brown recorder. 
The room temperature resistivity of the thorium wire was 
measured on a Kelvin Bridge and then checked after installa­
tion in the test apparatus and prior to carburizatlon to 
ensure that the resistance leads were making good contact and 
that the apparatus was operating properly. Room temperature 
THORIUM WIRE ^CARBURIZATION CHAMBER 
TWO-COLOR 
PYROMETER 
BENZENE 
HELIUM 
VACUUM 
RESISTANCE 
VS. 
TIME 
RECORDER 
RESISTANCE 
VS. 
TEMPERATURE 
RECORDER 
PUMP 
ro 
Figure 6. Thorium wire test apparatus 
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resistivities varied from 16.7 to 17.0 microhm-cm for the 
various wires. 
The general procedure adopted in the carburization of 
the thorium wires was as follows; 
a. The system was evacuated to a pressure of approxi­
mately 10 microns mercury. 
b. The system was filled with helium. 
c. Liquid benzene was added to the metering burette 
which also was filled with helium by partially opening the 
valve at the bottom of the burette allowing helium to bubble 
through the benzene, 
d. All valves were closed"and the system was evacuated, 
flushed again with helium, and evacuated once more to 10 
microns mercury. 
e. Helium was added to increase the system pressure to 
about 25 cm mercury. 
f. Benzene was admitted to the system in the amount 
(25 to 50 drops) estimated to achieve the desired degree of 
carburization. 
g. More helium was added to force the benzene over into 
the carburization chamber raising the pressure in the system 
to about 50 cm mercury. 
h. The thorium was heated to incandescence and as the 
temperature was raised and lowered the degree of carburiza­
tion was observed on an X-Y plot similar to that shown in. 
Figure 7. Note the allotropie transformation recorded 
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Figure 7. Change of resistance during carburization 
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between I380OC and l400OC for the nearly pure thorium. Note 
also that after the transformation when the temperature was 
held constant at about lAjO^O the resistance steadily In­
creased as carburlzatlon took place. For succeeding cooling 
and heating cycles the transformation spread over a larger 
temperature range and took place at higher temperatures as 
the carbon content increased. Within 6 minutes after the 
start of carburlzatlon the transformation was no longer 
detectable. 
1. Further carburlzatlon took place under 1 atmosphere 
helium. 
j. Carburlzatlon was effected at Increasingly higher 
temperatures as the carbon content of the thorium wire 
increased. Pinal carburlzatlon was conducted at 2000°C as 
were homogenlzatlon and other heat treatment of the alloy 
prior to resistance measurements made during cooling runs. 
k. After desired level of carburlzatlon was reached, 
the temperature was lowered to 1700°C and the excess benzene 
was pumped out of the system. 
1. Resistance measurements were made under vacuum con­
ditions as well as under 1 atmosphere helium. 
m. Dimensions of the final test section were measured 
to determine the volume change corresponding to a certain 
carbon content. 
n. Final thorium content was determined by ignition of 
the sample overnight and conversion of the thorium-carbon 
25 
alloy to thoria (ThOg). The per cent carbon was taken to be 
the difference between one hundred and the per cent thorium. 
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V. EXPERIMENTAL RESULTS 
A revised proposed phase diagram of the thorium-carbon 
system based upon the results of this research is shown in 
Figure 8. 
A. Resistance Measurements 
Possible transformation temperatures, as indicated by 
"breaks" in the resistance vs. temperature curves, for sin­
tered bars, melted bars and carburized wires are listed in 
Tables 3, 4, and 5, respectively. 
Table 3. Temperatures of breaks for sintered bars 
Sample ^0 Density 
gm/cm3 
Temperature 
oc 
SB 1 0.5 9.69 1540 1700 
SB 2 1.0 9.36 1475 1620 1700 
SB 4 1.5 9.03 1420 1460 1600 1650 
SB 8 2.5 8.3  1240 1405 1500 1680 
SB 15 3.0  1430 1500 1820 1950 
SB 18 4.0 None 
SB 23 4.5 1240 1800 
SB 9 4.92 7.76 1050 1230 1500 1600 
SB 14 5.0 1240 
SB 16 8,0 1200 1550 2000 
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Table 4. Temperatures of breaks for melted bars 
Sample Density 
gm/cm3 
Temperature 
°C 
21AM 
C
M
 o
 11.5 1545 
22AM 0.4 11.4 1600 
2AMR 
o
 
1—1 
11.3 1130 
4AM 1.5 10.97 1940 1620 1800 
4AMR 1.5 11.14 1220 1500 1740 
8ZM 2.5 10.8? i960 
15 AM 3.0 10.92 1220 1490 1820 
15AMR 3.0 1520 
ISAM 4.0 10.69 1910 
20AM 4.92 10.4 1425 1850 2000 
13AM 5.16 9.44 1085 1240 
19AM 6.5 10.15 1240 1450 1790 1950 
16AM 8.0 9.82 1250 1500 1870 
10AM 9.4 9.2 1250 1425 1485 1800 1975 
Table 5. Temperatures of breaks for carburized wires 
Sample <0 Vol. chg. % Temperature, °C 
CW" 2 5.5 30.3 1240 i960 
CW 1 6.9 35.4 1240 1500 1750 
CW 7 8.0 40 1220 1430 1490 
CW 9 8.6 45 1450 1500 
2Th21 6.87 1240 1500 1750 
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The resistivities and allotropie transformation tempera­
tures for pure thorium bars were measured using black-body 
holes and a standard calibrated optical pyrometer in addition 
to the two-color optical pyrometer. The results are shown in 
Figure 9. 
The #7 thorium was a l/4"-diameter swaged rod with 17-
mil thorium wires for resistance leads spot-welded to it at a 
separation distance of 1,00 cm« The black-body hole was cen­
tered between the wires. It was drilled 0.030" in diameter 
and 0.120" deep. The transformation occurred over the temper­
ature range of 1392 + 5°C to 1455 + 5°0. The carbon content 
of this Ames production thorium was 150 ppm. 
The #8 rod was swaged from high-purity magnssium-reduced 
thorium and had a carbon content of 30 ppm. The transforma­
tion temperatures were 1390 + 5°C and 1425 + 5°C for this rod. 
Its melting point was determined by the method of Plrani and 
Alterthum (18) to be 1755 ± 5°C. For these measurements the 
two-color pyrometer was calibrated against the black-body 
temperature as read by the standard calibrated pyrometer and 
was focussed on the black-body hole. At 1500°0 the observed 
brightness temperature of the skin adjacent to the hole was 
1445°C and the temperatures at the resistance wires were both 
1440°0. 
Resistivity curves for selected compositions between pure 
thorium and thorium monocarbide melted bars are shown in 
Figure 10. "Efforts to obtain reliable temperature measure-
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meats from room temperature to 900^0 by means of thermo­
couples were largely unsuccessful, but the two-color pyrom­
eter made It possible to obtain measurements at higher 
temperatures and to continuously record resistance as a 
function of the temperature. Room temperature resistance 
measurements were better obtained by use of the high-tempera­
ture resistance apparatus with loads bonded to the test bar 
than by use of a Kelvin Bridge due to the reactivity of the 
bars with the atmosphere and the difficulty in making good 
contact with the hard carbide materials. 
The 4.5# carbon curve was constructed by using ratios 
at given temperatures of the resistance of 4,5^ and 4.0^ 0 
sintered bars along with the test data for the 4,0^ C melted 
bar. Note that a hump in the curve near 1400°0 is almost 
identical to a similar huap seen in the curve for thorium 
monocarbide (4.92# C). Chiotti's data (1) for sintered bars 
containing 4.5 and 4.92# 0 gave curves which were very simi­
lar in shape and resistivity values for the temperature range 
of 1400-2000°C. Although melted bars containing 4.5# carbon 
could not be cast and used to obtain resistivity data 
directly, it seems likely that such bars would have resis­
tivities higher than those containing 4.0# or 4.92# carbon. 
Extreme difficulty was encountered in fabricating test bars 
with compositions between 4.0 and 4.92# carbon. 
The curves in Figure 11 and Figure 12 show that the 
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Figure 11. Temperature dependence of resistivity of 
thorium-carbon test bars 
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Figure 12. Temperature dependence of resistivity of 
thorium-carbon wires 
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resistivities decrease as the carbon content is increased 
above 5.0#. The curves for melted test bars are shown in 
Figure 11 and the curves in Figure 12 are for thorium wires 
about l/l6" in diameter which were carburized to the carbon 
contents indicated. The alloys became less friable with in­
creased carbon content as the composition approached that of 
thorium dicarbide. It was observed that alloys containing 
more than 8 weight per cent carbon would bounce with a 
metallic clang %hen dropped a few inches on a brass plate 
while alloys with carbon contents between 3 and 7 weight 
per cent would shatter when dropped. 
The change in resistivity as a function of the carbon 
content is shown in Figure 13 at different temperatures for 
melted bars. Some partial data for carburized wires are 
plotted in similar manner in Figure 14. The higher resistivi­
ties are associated with the higher thorium-monocarbide con­
tents. Room temperature resistivity values for carbon con­
tents around 9^ are about the same as those for pure thorium. 
The densities of the melted bars were measured by quickly 
measuring the displacement of distilled water in a graduate 
cylinder before a layer of gaseous bubbles could form on the 
surface of the sample. The measured densities compared to the 
maximum theoretical densities which have been reported (7, 19) 
are shown in Figure 15. 
A probable curve of the volume changes to be expected by 
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Figure 13. Resistivity of thorium-carbon bars at various 
temperatures as a function of carbon content 
37 
)00 
250-
o 200 
2000 ®C 150 
1500®C 
100 
50 
1000 ®C 
ROOM 
TEMP. 
WEIGHT PERCENT CARBON 
Figure 14, Resistivity of thorium-carbon wires at various 
temperatures as a function of carbon content 
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carburlzation of thorium wires is shown in Figure 16 based 
upon data for four wires tested in this research. 
B. Metallography 
Most of the thorium-carbon alloy specimens which con­
tained more than 2.5# carbon were hand-ground on 3 or 4 
different dry emery papers of progressively finer grinding 
particles up to No. 600 paper. Occasionally mineral oil was 
used as a lubricant. After hand-grinding the specimens were 
polished lightly on a wheel covered by nylon cloth to which 
Linde A powder was added. Methyl alcohol was used as a lub­
ricant and coolant. The samples etched readily in moist air 
and required protection from the atmosphere to permit micro­
scopic examination and taking of photomicrographs. After a 
few seconds of air-etching the surface was wiped with a 
cotton swab which was lightly impregnated with mineral oil. 
Low-carbon alloys were hand-ground and then polished on 
a nylon-covered wheel with a mixture of alcohol, water and 
Linda A, They were etched by electrolytic polishing with 
50-50 phosphoric-acetic acid. Multiple-phase alloys are 
particularly suitable for etching by electrochemical means 
because of the difference in potential between structural 
components when an etching reagent is present. The mechan­
isms of etching of carbides are discussed by Kehl (20). 
Thorium samples were polished and etched electrolytically 
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using a mixture of 100 ml acetic acid to which 8 ml HCl and 
10 ml HCIO4 were added. 
Many large voids were observed in sintered low-carbon 
alloys such as that shown in Figure 17. 
The apparent oriented-grain luster evident in Figure 18 
is normally seen in photomicrographs of pure metals or homo­
geneous single-phase alloys. Close examination reveals small 
subgrains within the larger grains. The striations in the 
center of the photo could be due to the removal of disturbed 
metal J, but are more likely cracks which become more prevalent 
as the carbon content is increased to the monocarbide composi­
tion, resulting in increased resistivity and brittleness. 
The structure shown in Figures 19 and 20 resulted from 
the relatively slow heating and cooling to which the test bar 
was subjected during arc-zone-melting. 
Large sharp-edged grains were observed in ThO samples in 
the as-cast condition as shown in Figure 21. Annealing re­
sulted in the small-grained structure shown in Figure 22. 
At a composition of 8 weight per cent carbon the alloy 
as-cast had a structure of relatively large grains shown in 
Figure 23 with isolated grains showing the banded structure 
typical of ThC2. The annealed structure shown in Figure 24 
consists of needles of ThOg as well as precipitations of ThOg 
in the grain boundaries. 
The typical ThOg banded structure is shown in Figures 25 
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Figure 17. Sintered 0.5# 0 bar, etched 60 seconds, 
6 volts, 50-50 phosphoric-acetic acid, XlOO 
Figure 18. Arc-melted 1,5% 0 bar, etched 60 seconds, 
6 volts, 50-50 phosphoric-acetic acid, XlOO 
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Figure 19. Arc-zone-melted 2.5# 0 bar, etched 6o seconds, 
6 volts, 50-50 phosphoric-acetic acid, XlOO 
Figure 20 Arc-zone-melted 2.5# 0 bar, etched 60 seconds, 
6 volts, 50-50 phosphoric-acetic acid, X500 
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Figure 21» Arc-melted ThC (4.92# C) bar, as-cast, air 
etched, XlOO 
Figure 22, Arc-melted ThC (4.92# C) bar, annealed and 
furnace-cooled, air-etched, XlOO 
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Figure 23. Arc-melted 8^ C bar, as-cast, alr-etcked, XlOO 
Figure 24, Arc-melted 8^ 0 bar, annealed and furnace-
cooled, air-etched, XlOO 
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Figure 25® Arc-melted IhOg (9.4# C) bar, furnace-cooled, 
air-etched, XlOO 
Figure 26. Arc-melted ThC2 (9.4# C) bar, furnace-cooled, 
air-etched, XlOO, 1 second exposure, green 
filter5 Polapan 200 
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and 26. In Figure 26 the bands, in some cases, cross over the 
grain boundaries of large grains as well as those of subgrains. 
In the case of fractures like those shown in Figure 28 there 
is no apparent pattern of fracture visible since both the 
large and small cracks occur in a haphazard fashion. Note the 
lamellar structure within the individual band or platelet. 
The results of a recent investigation (21) of the relationship 
of twinning to brittle fracture of refractory metals reveal, 
that while twinning is a possible source of crack formation, 
other structural heterogeneities (surface scratches, voids, 
grain-boundary carbides, sub-boundaries) were always dominant 
in producing brittle fracture in the materials examined. 
Figure 27 shows the as-cast structure for a 2% carbon 
alloy having carbide precipitate in the grain boundaries. 
The results of X-ray powder diffraction patterns for four 
arc-melted test bars are shown in Table 6. The bars were 
fabricated by sintering pressed thorium and graphite powders 
prior to being melted. 
Table 6. Results of X-ray diffraction patterns 
Weight per cent carbon Lines present 
0. Other Results 
4.0 
4.92 
5.16 
All The 
All The 
The plus two 
Weak ThOg lines 
All The2 9.4 
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Figure 27. Arc-melted 2% C 'button, as-cast, etched 2 
seconds, 6 volts, 50-50 phosphoric-acetic acid, 
X200, 5 seconds exposure, green filter, Polapan 
200 
Figure 28. Oarburized 8.6# C wire, air-etched, XlOO 
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A test rod of magnesium-reduced and electron-beam-
melted thorium was measured for room-temperature resistivity 
as swaged to 0.252" diameter and again after being heated to 
750°C for 20 minutes. The resistivity In the "as swaged" 
condition was 16.6 > 0.1 microhm-cm. The resistivities for 
different sections of the rod after annealing varied from 
13.8 to 17.5 mlcrohm-cm. One 3-cm length near the center 
of the rod recorded 14.2 mlcrohm-cm for =t series of four 
measurements. The average resistivity for 18 different 
measurements was 15.6 mlcrohm-cm. 
Analysis of test bars from two different batches of 
thorium showed that the bars contained less than 50 ppm 
carbon after resistance measurements at temperatures up 
to 1500°Cs indicating little or no carbon pickup. 
Gas contents determined for representative test bars 
by vacuum fusion after the resistance runs were made are 
shown in Table 7. 
Table 7. Gases in test bars 
^ C Oxygen Hydrogen Nitrogen 
0.5 
1.5 
2.5 
1575 ppm 
55 530 
110 
170 
38 
290 ppm 
Th powder 
Th (Mg-red) 
215 
2040 
1045 
16 
116 
30 
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VI. DISCUSSION 
A probable source of inaccuracy in the data obtained in 
this research could be the measurement of the resistance path 
through the test bar. Pure thorium wires were wrapped once 
around the test bar and twisted to make good initial contact. 
They bonded to the bar during annealing which was accomplished 
at temperatures up to 1650°C. Any shifting of the wires was 
noted by sharp changes in slope of the R vs. T curves and by 
measurements of the probe wire separation distance taken 
before and after the runs. Many of the test bars were non-
circular in cross-section so that the wire made contact in 
only two or three places around the periphery of the bar. 
The actual probe wire separation distance was probably meas­
ured within an accuracy of ± 0,1 mm in 1.0 cm and the cross-
O 
sectional area was measured within an accuracy of +0.01 cm 
for the smaller areas. The maximum probable error in resisti­
vity, p J due to errors in length and area measurements is 
estimated to be 5.2'^. 
The two-color optical pyrometer was calibrated against a 
Leeds and Northrup brightness optical pyrometer. Sight-glass 
corrections were applied to the indicated temperatures of a 
black-body hole in the test specimen. This calibration was 
probably accurate to within 5°C, allowing for a 2° error 
in reading the standard optical pyrometer and a 3° error in 
reading the two-color optical pyrometer indicator. There 
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could be another 3° error in the calibration of the standard 
pyrometer and a 2° error in the sight-glass correction 
applied. Adding another 10° error for inaccuracy in position­
ing the two-color pyrometer detector with respect to the 
target and for a thermal gradient between the probes gives a 
maximum cumulative error of 20° in the temperature measure­
ments. 
Some carbon might be lost due to reaction with oxygen in 
the thorium and the resultant carbon content would therefore 
be lower than indicated, but experiences elsewhere with UC/UN 
and ThC/ThN systems (22) as well as with the carbides in this 
research suggest that little carbon is lost during the prepar­
ation of monocarbides and mononitrides. It appears that 
carbon and nitrogen diffuse readily at l600°C in ThC and ThN. 
The carburization of thorium wires in this research verifies 
that carbon diffuses rapidly in thorium. Hot spots were 
observed to move rapidly from one location to another along 
several test wires as carburization took place indicating 
changes in carbon content and resultant resistance and heat­
ing levels. The solubility of carbon in thorium at several 
temperatures has been reported previously (23). 
The room-temperature values of electrical resistivity 
determined for ThC and ThC2 in this research are much differ­
ent than some of those reported earlier (4). The results of 
this research show that the value for ThC is at least 100 
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microiim-cm and it may be as high as 130 microhm-cm at room-
temperature. The room-temperature electrical resistivity of 
ThOg, as determined in this research, is 15 + 2 microhm-cm. 
It was readily apparent as this research progressed 
that thorium-carbon test bars must be properly annealed and 
homogenized before resistance measurements can be considered 
to be reliable. This fact becomes more important for alloys 
which are prepared by diffusion techniques such as carburi-
zation or melting in a graphite crucible. In such cases the 
concentration of carbon atoms is often inhomogeneous and a 
layer of excess carbon is probably present. The electrical 
resistivity and other properties of carbon can be extremely 
anisotropic and variable. Carbon (24) is receiving much 
research attention in this era of increased requirements for 
high temperature materials. 
The lower resistivity values at high temperatures 
obtained for carburized bars when compared with cast test bars 
can possibly be accounted for by better contact between the 5 
mil tantalum wires and the circular thorium wires than was 
obtained by wrapping 17 mil thorium wires around the irregu­
larly shaped thorium-carbon alloy test bars. 
The carburization of thorium wires to provide thorium-
carbon alloys for this research had certain distinct advan­
tages over the casting of alloys. A thorium wire could be 
prepared for test, carburized. homogenized and cycled through 
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several resistance runs in a period of one day. The same 
function, including sintering, annealing and casting into a 
useful "bar required up to eight days for a single thorium-
carbon test bar. The carburized wires also required no 
handling between intermediate steps so that opportunities for 
contamination or breakage of the test specimen were reduced. 
Practice and experience dictated the rate at which the temper­
ature could be increased or decreased to provide a legible, 
reproducible trace of resistance as a function of temperature. 
Studies of the high-temperature X-ray investigation of 
the uranium-carbon system (25) and the recently reported 
studies in the thorium-carbon system in addition to this 
research provide an improved conception of the phase bounda­
ries for the thorium-carbon system. The persistent currence 
of temperature-resistance "breaks" near 124o°C for the alloys 
tested in this research suggest the possibility of a sesqui-
carbide of thorium Th^C? (7.2# O). The complicated nature of 
the resistivity data obtained for ThO-ThOg mixtures at temper­
atures above 1200°C lend further emphasis to the argument for 
a sesquicarbide at higher temperatures. Two temperature-
resistance "breaks" at 1440°0 and 1490°C for alloys which 
contain more than 7.2# 0 correspond to the previously reported 
dicarbide transformations from monoclinic-to-tetragonal and 
tetragonal-to-cubic structure. The data lend support to the 
original proposal by Chiotti (1) that a continuous series of 
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solid solutions exists at higher temperatures (above 1900°C). 
Thorium monooarbide may exist as a single-phase at all temper­
atures for compositions between 4 and 5^ carbon. 
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711. SUMMARY 
It Is anticipated (26) that the use of uranium-235 fuel 
for reactors will Increase within the next twenty years. 
Data generated in this and similar research provide addition­
al information on which to build the technology associated 
with high-temperature and breeder-type reactors. 
Revisions to the thorium-carbon system are proposed, 
based upon electrical resistivity measurements, metallo-
graphic examinations and X-ray data. The electrical resis­
tivities of a series of thorium-carbon alloys have been 
determined and new values for the electrical resistivities 
of the two known carbides of thorium (ThC and ThOg) are 
reported to be 115 + ^ 5 microhm-cm and 15+2 microhm-em 
at room temperature. 
Techniques for casting test bars of thorium-carbon 
alloys and for fabricating the alloys by carburizing small-
diameter (l/l6") thorium wires have been developed and proven 
feasible. The monocarbide exhibits a very high degree of 
brittleness and reactivity with the atmosphere. The dicar-
bide is more metallic in nature and has low electrical 
resistivity comparable to that for pure thorium. It is also 
highly reactive with the atmosphere. 
Electrical resistivity data plotted for a series of 
temperatures for compositions up to 9.4# carbon reflect a 
phase diagram construction corresponding to a series of solid 
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solutions of The and ThOg with an intermediate phase of ThC 
characterized by brittleness, high hardness and high elec­
trical resistivity. 
The techniques proven in this research provide a base 
for further electrical resistivity measurements of additional 
alloys to verify the proposed revisions and to better define 
the more complicated regions of the thorium-carbon phase" 
diagram. 
A sesquicarbide of thorium (ThgO^) at temperatures above 
1200°G is suggested by the resistance "breaks" at 1240 + 10°C 
and other resistance "breaks" at higher temperatures for com­
positions between ThC and ThOg. The formation of carbon-
carbon groups within this range of compositions may account 
for the Increased conductivity of these alloys by valence 
electrons which add to the conductivity of the structure. 
The potentiometer method of measuring electrical resis­
tance in conjunction with a glass reaction chamber and two-
color optical pyrometer proved to be a quick, efficient 
apparatus for carburizing thorium wire and measuring the 
resistance as a function of temperature. 
Additional data regarding the properties of pure thorium 
were presented. 
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